in hypercholesterolemic mice. Despite the potential role of hypercholesterolemia in formation of AngII-induced AAAs, effects of specific lipoprotein fractions in experimental AAA development have received sparse attention. One study reported that increased plasma HDL-cholesterol concentrations by daily subcutaneous administration of human HDL (10 mg/kg per day of apoAI) reduced AngIIinduced AAAs in apoE −/− mice. 24 Injection of reconstituted HDL, composed of human apoAI and phosphatidylcholine, also decreased AAA formation in both AngII-infused hypercholesterolemic apoE −/− mice and calcium chloride administered normocholesterolemic C57BL/6 mice. 24 Findings from this study implicate potential associations between apoAI and AAAs.
To determine roles of specific lipoprotein fractions in the development of AngII-induced AAAs, we used multiple mouse strains with dietary and pharmacological manipulations that resulted in different forms and severity of hypercholesterolemia. The occurrence of AngII-induced AAAs in these mice was contrasted to the formation of atherosclerosis, which has been strongly associated with plasma apoB-containing lipoprotein concentrations in mouse studies. These studies demonstrated that the development of AngII-induced AAAs was augmented by elevation of apoB-containing lipoproteins, but not by deficiency of apoAI, the major structural apolipoprotein of HDL. However, unlike atherosclerosis, there was no simple concentration-dependent association of plasma apoB-containing lipoproteins with AngII-induced AAAs.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Western Diet Had No Effects on AngII-Induced AAA Formation in Male C57BL/6 Mice
Prolonged feeding of a high-fat diet (60% calories from saturated fat) augments AngII-induced AAAs in normocholesterolemic mice that have become obese. 25 Therefore, in the initial experiment, we determined whether Western diet (42% calories from milk fat) per se had effects on AngII-induced AAAs in wild-type C57BL/6J mice. Male C57BL/6J mice were fed either a normal or Western diet and infused with AngII (1000 ng/kg per minute) for 4 weeks. Western diet feeding started 1 week before AngII infusion and was maintained during AngII infusion. There was no significant body weight gain difference between mice fed normal versus Western diet. Western diet feeding modestly increased plasma total cholesterol concentrations in C57BL/6 mice ( Figure 1A ). With no overt presence of apoB-containing lipoproteins, HDL was the predominant lipoprotein in these mice fed either diet as defined by size exclusion chromatography ( Figure 1B ). There were no differences of LDL/HDL ratio between C57BL/6 mice fed normal versus Western diet ( Table I in the online-only Data  Supplement) . No discernable atherosclerotic lesions were detected in these mice. One of 10 mice (10%) from each group died of aortic rupture. There were no significant differences in maximal outer diameter of suprarenal aortas between mice fed these 2 diets ( Figure 1C ). 
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Deficiency of ApoAI Did Not Exacerbate AngII-Induced AAA Formation
HDL is the major lipoprotein fraction in plasma of male C57BL/6 mice ( Figure 1B) , and apoAI is the predominant structural apolipoprotein of HDL. To determine whether low HDL augmented AngII-induced AAAs, we compared AngII-induced AAA formation between male apoAI +/+ and −/− mice in a C57BL/6 background fed the normal laboratory diet and infused with AngII (1000 ng/kg per minute) for 4 weeks. Deficiency of apoAI led to significant reductions of plasma cholesterol concentrations ( Figure 2A ) because of reductions of HDL-cholesterol concentrations ( Figure 2B ). One of 10 mice (10%) from each group died of aortic rupture. Deficiency of apoAI did not augment AngII-induced AAAs in C57BL/6 background ( Figure 2C ). Effects of apoAI deficiency were also studied in male LDL receptor −/− mice. Because apoAI deficiency was hypothesized to enhance AngII-induced AAA formation, infusion rates of AngII were selected to create a low incidence of AAAs in apoAI mice to enable demonstration of enhanced AAAs in apoAI −/− mice. In the first experiment, mice were infused with 1000 ng/kg per minute of AngII and fed the normal laboratory diet. Plasma total cholesterol or apoB-containing lipoprotein concentrations were not significantly different between the 2 apoAI genotypes ( Figure IA and IB in the online-only Data Supplement), whereas plasma HDL-cholesterol was barely detectable in mice with apoAI deficiency fed the normal laboratory diet ( Figure IB in the online-only Data Supplement). Atherosclerotic lesions were minimal and not significantly different between the 2 genotypes ( Figure IC in the onlineonly Data Supplement). Consistent with findings in C57BL/6 mice, apoAI deficiency in LDL receptor −/− mice had no effects on AngII-induced AAA formation ( Figure ID in the online-only Data Supplement). Subsequently, we compared AngII-induced AAAs using an infusion rate of 500 ng/kg per minute between apoAI +/+ and −/− mice with LDL receptor −/− background that were fed the Western diet. ApoAI deficiency led to profound reductions of plasma cholesterol concentrations with barely detectable HDL ( Figure IIA and IIB in the online-only Data Supplement). Atherosclerotic lesions were modestly reduced in mice with apoAI deficiency ( Figure  IIC in the online-only Data Supplement). In agreement with the other studies described above, apoAI deficiency in LDL receptor −/− mice fed the Western diet did not exacerbate AngIIinduced AAA formation ( Figure IID in the online-only Data Supplement). One of 12 mice (8%) that were wild type for apoAI died of abdominal aortic rupture, whereas no apoAI −/− mice died of aortic rupture.
Hypercholesterolemia Augmented AngII-Induced AAA in Male LDL Receptor −/− Mice
LDL receptor −/− mice fed normal laboratory diet are modestly hypercholesterolemic with comparable cholesterol distributions between apoB-containing lipoproteins and HDL. Previous studies have reported high susceptibility of this mouse model fed Western diet to AngII-induced AAAs. 23, 25, 26 However, AngII-induced AAAs have not been reported in this mouse model fed normal laboratory diet. To determine whether augmented hypercholesterolemia influenced AAA formation in LDL receptor −/− background, male mice of this genotype were fed either normal or Western diet and infused with AngII 1000 ng/kg per minute for 4 weeks. Western diet feeding greatly increased plasma total cholesterol concentrations compared with mice fed normal laboratory diet ( Figure 3A ). These increases were solely attributed to increased apoBcontaining lipoproteins that included chylomicrons, chylomicron remnants, very-LDL, and LDL ( Figure 3B ). LDL/ HDL ratios were increased in male LDL receptor −/− mice fed Western diet, compared with those fed a normal laboratory diet ( Table I in diet feeding profoundly increased atherosclerotic lesions ( Figure 3C ). Western diet also significantly increased AAA formation, as defined by maximal outer diameters of suprarenal aortas ( Figure 3D ). No deaths because of aortic rupture occurred in these mice. Male sex has been demonstrated to enhance AngII-induced AAA formation in apoE −/− mice. [27] [28] [29] To determine whether hypercholesterolemia has similar effects in both sexes, female LDL receptor −/− mice fed either normal or Western diet were infused with AngII 1000 ng/kg per minute for 4 weeks. As with males, Western diet feeding profoundly increased plasma cholesterol concentrations because of increased apoB-containing lipoprotein cholesterol concentrations ( Figure IIIA 
Comparable AngII-Induced AAA Formation in Male ApoE −/− Mice Fed Normal Versus Western Diet
Although there have been no direct comparisons, it is inferred from the literature that AngII-induced AAAs are equivalent between apoE −/− mice fed normal versus Western diet. 16, 17 To compare directly, male apoE −/− mice were fed either normal or Western diet and infused with AngII 1000 ng/kg per minute. ApoE −/− mice fed a normal laboratory diet had plasma cholesterol concentrations of 347±38 mg/dL, and Western diet feeding led to profound increases (1260±121 mg/dL) because of increased apoB-containing lipoprotein cholesterol concentrations ( Figure 4A and 4B ). In agreement with findings in LDL receptor −/− mice, Western diet feeding significantly increased atherosclerotic lesions ( Figure 4C ). However, there was no difference in AngII-induced AAAs ( Figure 4D ) or death because of aortic rupture (60% versus 40%) between mice fed normal and Western diets.
Reduction of Plasma ApoB-Containing Lipoproteins Attenuated AngII-Induced AAA Formation in Male ApoE −/− Mice Fed Normal Diet
Results from LDL receptor −/− mice fed Western diet and apoE −/− mice fed either diet implicate that high concentrations of plasma apoB-containing lipoproteins contribute to augmentation of AngII-induced AAAs. ApoE −/− mice are endogenously hypercholesterolemic even when fed the normal laboratory diet. Therefore, to determine whether reduced apoB-containing lipoprotein concentrations attenuate development of AngII-induced AAAs in male apoE −/− mice, we administered an intestinal cholesterol absorption inhibitor, ezetimibe, started 1 week before initiating AngII infusion (1000 ng/kg per minute). In male apoE −/− mice fed Western diet, plasma cholesterol concentrations were reduced compared with mice not administered the drug. However, this concentration (546 mg/dL) was still high, with a predominance of high plasma apoB-containing lipoproteins ( Figure 5A and 5B ). This reduction was associated with attenuation of atherosclerosis ( Figure 5C ), whereas dilation of suprarenal aortas ( Figure 6D ) and death because of aortic rupture (control versus ezetimibe, 30% versus 40%) were not significantly different. The same dose of ezetimibe decreased plasma cholesterol concentrations from 451±8 to 204±18 mg/dL in male apoE −/− mice fed normal laboratory diet ( Figure 6A ) and infused with AngII (1000 ng/kg per minute). This is similar to plasma cholesterol concentrations in LDL receptor −/− mice fed the same diet. This reduction was because of decreased plasma apoBcontaining lipoproteins ( Figure 6B ). Atherosclerotic lesion sizes were minimal in both groups. Aortic rupture rate was comparable between 2 groups (control versus ezetimibe: 30% versus 20%). However, administration of ezetimibe decreased AngII-induced AAA formation as determined by maximal outer diameters of suprarenal aortas ( Figure 6D ).
Discussion
Aberrant metabolism of specific lipoprotein fractions, particularly LDL and HDL, is associated with atherosclerotic diseases and modulation of their plasma concentrations is a tenet of therapeutic strategies. 30, 31 Dysfunctional lipoprotein metabolism has also been implicated in human AAA formation, although associations have not been studied extensively. 1 In this study, AngII-induced AAAs in multiple mouse models with different plasma lipoprotein distributions were used to determine whether facets of dyslipidemia were directly associated with AAA formation. We were unable to define any effect of reduced HDL-cholesterol concentrations, promoted by apoAI deficiency, on AngII-induced AAA formation in 2 mouse strains with dietary manipulations. However, our findings clearly demonstrated that hypercholesterolemia augmented the development of AngII-induced AAAs in mice. Changes in large-sized lipoprotein particles were associated with augmentation of AngII-induced AAAs. The only feature in common for these lipoproteins was the presence of apoB. However, unlike atherosclerosis in which plasma apoB-containing lipoprotein concentrations closely correlated with lesion size, AAAs were augmented with modestly hypercholesterolemic states, but not further enhanced with progressive increases in hypercholesterolemia.
HDL-cholesterol has been associated with AAAs in humans in a limited number of observational studies. 3, 4, 6, [32] [33] [34] Recent experimental evidence consistent with this association demonstrated that administration of exogenous native or reconstituted HDL reduced AngII-induced AAAs. 24 We performed the converse study in which plasma HDL concentrations were reduced markedly by genetic deficiency of apoAI. ApoAI deficiency did not augment AngII-induced AAAs in C57BL/6 mice fed a normal laboratory diet. This lack of effect was also demonstrated in LDL receptor −/− mice fed either normal or Western diet. Therefore, depletion of endogenous apoAI had no discernable effect on AngII-induced AAAs. The mechanisms by which exogenously delivered apoAI and its endogenous reduction have differential effects on AngII-induced AAAs are unclear. A similar contrast of HDL supplementation versus genetic deficiency has been observed in atherosclerosis studies, with overexpression of apoAI reducing atherosclerosis, [35] [36] [37] but apoAI deficiency did not augment atherosclerosis. 38, 39 ApoAI deficiency was reported to be associated with 40 or have no correlations with 41 coronary heart disease in humans. Although a few studies suggested that low plasma apoAI concentrations were associated with AAAs in patients, 6, 34, 42 no studies reported whether apoAI deficiency was associated with the development of AAAs.
Chronic AngII infusion into normocholesterolemic mice induces AAAs at a rate that has ranged from 5% to 40%. [19] [20] [21] [22] [23] 25 In contrast, the incidence of AngII-induced AAAs in hypercholesterolemic mice has routinely been >70%. 19, 20, 23, 25, 43 Hypercholesterolemic mice in these previous studies have included LDL receptor −/− mice fed Western diet 15 or apoE −/− mice fed either normal or Western diet. 16, 17 Ezetimibe lowered plasma cholesterol concentrations in apoE −/− mice fed normal laboratory diet to ≈200 mg/dL. This reduction in plasma apoB-containing lipoproteins significantly attenuated abdominal aortic dilation. Ezetimibe also reduced the extent of hypercholesterolemia in apoE −/− mice fed Western diet. Although this reduction decreased atherosclerosis, it did not attenuate aortic dilation. This result demonstrated that reduced AAAs in apoE −/− mice administered ezetimibe and fed normal laboratory diet were not attributed to a direct effect of the drug. These findings from male LDL receptor −/− or apoE −/− mice fed normal versus Western diet, coupled with results using ezetimibe, demonstrate that substantial reductions in apoB-containing lipoproteins are required to attenuate AngII-induced AAAs in mice. Consistent with our findings, increased concentrations of plasma LDL, a major class of apoB-containing lipoproteins, have been associated with AAAs in humans. 1, 3, [44] [45] [46] [47] ApoB-containing lipoproteins encompass a heterogeneous mix of lipoprotein particles with a range of lipid and apolipoprotein compositions. One study reported that LDL incubation with cultured human smooth muscle cells increased AT1 receptor mRNA and inferred that this was the cause of increased response to AngII in hypercholesterolemic patients. 48 However, although whole body depletion of AT1a receptors ablates AngII-induced increases of AAAs in hypercholesterolemic mice, 49 deletion of AT1a receptors specifically in smooth muscle cells had no effects on AngII-induced AAAs. 50, 51 One mechanism of AngIIinduced AAAs is that AngII promotes leukocyte infiltration both systemically and locally into the aortic wall. 43, 52, 53 Hypercholesterolemia also promotes leukocyte infiltration in arteries 54 or facilitates AngII-induced leukocyte mobilization into the arterial wall. 55 In our future studies, it will be important to explore mechanisms by which hypercholesterolemia and AngII have synergistic effects on leukocyte infiltration to promote AAA formation.
We have demonstrated previously that AngII-induced AAAs in apoE −/− mice have a strong sexual dimorphism with males being much more susceptible to aortic expansion. 56 This dimorphism is ablated by orchidectomy. [27] [28] [29] The current study demonstrated that this dimorphism also exists in LDL receptor −/− mice and that Western diet feeding increased plasma cholesterol concentrations to a similar magnitude in both sexes and led to equivalent atherosclerotic development. However, there was no difference on AngII-induced AAA formation in female mice fed the Western versus normal diet. Mechanisms of male sex preference in hypercholesterolemic mice remain to be defined.
In summary, this study demonstrated that increased plasma concentrations of apoB-containing lipoproteins are associated with augmentation of AngII-induced AAAs in a male sex-specific manner. Most interestingly, unlike atherosclerosis, AngII-induced AAAs were not further augmented with progressive increases of plasma apoB-containing lipoprotein concentrations. 
